1. Introduction {#sec1}
===============

Elongator was initially identified in yeast as part of the RNA polymerase II (RNAPII) holoenzyme \[[@B54]\]. Since this interaction was dependent on the hyperphosphorylation of the C-terminal repeats of RNAPII, which is a mark of transcriptional elongation, the complex was termed Elongator. The fully functional Elongator complex consists of six subunits \[[@B37]--[@B73]\] and has a physiologically important role. This is for instance demonstrated by several observations. First, loss of Elongator function in yeast provokes hypersensitivity to stresses including elevated temperature and osmotic conditions \[[@B37], [@B75]\]. Second, in *Arabidopsis*, mutations in Elongator result in growth defects \[[@B51]\]. Moreover, mice mutations in Elongator subunits are embryonic lethal \[[@B4]\], and finally, impaired Elongator activity has been correlated with familial dysautonomia in human patients \[[@B66]\].

Both yeast and human Elongator have lysine acetyltransferase (KAT) activity \[[@B75], [@B30], [@B35]\]. Only two main substrates for Elongator have been identified: Histone H3 and *α*-Tubulin. These two different substrates reflect the different functions of Elongator complex in the nucleus and in the cytosol. After having been identified in the context of transcription, it was first surprising to find that the major fraction of the Elongator complex indeed resided in the cytosol \[[@B30]--[@B57]\]. While in the nucleus acetylation of Histone H3 is linked to the function of Elongator in transcription \[[@B70]\], cytosolic acetylation of *α*-Tubulin by Elongator has been recently connected to microtubules function particularly in the context of cell migration \[[@B11]\].

Other functions of Elongator have also been described. These include roles in tRNA processing \[[@B18], [@B32]\] and exocytosis \[[@B59]\], which have been reviewed elsewhere \[[@B70], [@B52]\]. Here, we will focus on the Elongator functions for which the involvement of protein acetylation has been well established. In particular, we will discuss similarities and differences in its molecular mode of function in the nucleus and cytosol. We will further discuss the link between the dysfunction of the Elongator complex and neurological disorders.

2. Biochemical and Other Aspects of Elongator {#sec2}
=============================================

Elongator was first copurified with yeast RNAPII as three subunits containing complex \[[@B54]\]. Direct affinity purifications, however, made clear that the functional unit of Elongator contains six subunits that can be separated in two stable sub-complexes under high-salt conditions \[[@B37]--[@B73]\]. The subunits of these two complexes were termed Elp1-3 and Elp4-6. Although these proteins have been given many other names depending on the contexts of their initial identification, for simplification, here we will stick to the Elp nomenclature.

All Elp proteins are evolutionary highly conserved which is best illustrated by cross-species rescue experiments. Arabidopsis Elp1 could rescue deficient yeast \[[@B5]\], and human Elp1 could rescue Elp1-deficient neurons in mouse cortex \[[@B4]\]. Human Elp3 and Elp4 could further compensate for the lack of their counterparts in yeast \[[@B40]\].

Within the Elongator complex, the 150 kDa protein Elp1 is the largest subunit. It contains several WD40 repeats and is considered to mainly function as scaffold protein, which is required for the formation of the complex \[[@B24]\]. More recently, however, Elp1 proteins from yeast, *C. elegans,* and human were shown to possess RNA-dependent RNA polymerase activity \[[@B44]\]. Elp2 also contains WD40 domain \[[@B20]\]. In contrast to Elp1, however, Elp2 does not seem to provide any scaffolding function since the remaining complex could form in its absence \[[@B56]\]. The Elp3 subunit of the complex possesses motifs characteristic of the GCN5 histone acetyl transferase family \[[@B75]\] and was shown to be able to acetylate histones \[[@B74]\]. In addition, Elp3 contains an iron-sulfur cluster, which can bind S-adenosylmethionine \[[@B55]\] and which is essential for the structural integrity of the Elongator complex \[[@B26]\]. It was first suggested that this domain could have catalytic activity and function as histone demethylase \[[@B6]\], but experimental studies failed to confirm this hypothesis. Instead, recent evidence suggests that Elongator might be involved in DNA demethylation \[[@B53]\]. The integrity of Elongator, and more particularly the iron-sulfur cluster of Elp3, was shown to be essential for the global zygotic DNA demethylation occurring on the paternal genome at the postfertilization stage \[[@B53]\]. On the basis of sequence comparisons, it was suggested that Elp4 and Elp6 could be inactive orthologues of ancestral ATPases involved in chromatin remodeling \[[@B58]\].

Combining genetic inactivation and affinity purifications \[[@B21], [@B24]\], Frohloff and colleagues were the first to put forward a model for the architecture of the hexameric Elongator complex that was largely confirmed by others \[[@B41]\]. While efforts to determine the three-dimensional structure of the Elongator complex are still under way, the model can serve as a good basis for our experimental design. As shown in [Figure 1](#fig1){ref-type="fig"}, Elp1 is the central subunit that mediates the binding of the two subcomplexes. On one side, Elp1 directly interacts with Elp3, which in turn binds Elp2. On the other hand, Elp1 also directly binds the Elp4-6 subcomplex through Elp4. Whether Elp6 and Elp5 also directly contact Elp1 is less clear at present.

The functional unit of Elongator is the holocomplex containing all six subunits. This is best illustrated in yeast where strains lacking any of the 6 Elp proteins have very similar phenotypes. For instance, they display a particular "slow start" phenotype as manifested by a pronounced delay in adaptation to new growth medium \[[@B54], [@B73]\]. Elp-deficient strains are further temperature, salt, and caffeine sensitive \[[@B37], [@B73]\] and resistant to the *K. lactis* killer toxin \[[@B42], [@B23]\]. There is still some ambiguity in the questions whether elp-mutant strains are sensitive to the pyrimidine analogue 6-azauracil \[[@B54]--[@B42]\]. Most importantly, KAT activity of Elongator was essential for the rescue of all phenotypes in yeast. Removal of almost any of the Elongator subunits affects the interaction of the others \[[@B21], [@B24], [@B56], [@B41]\] and might explain why all subunits are functionally essential *in vivo*. In line with this, it could be demonstrated that Elongator requires all its subunits for efficient KAT activity \[[@B72]\].

Several proteins have been reported to interact with components of the Elongator complex. These include Kti12 \[[@B23]\], IKB \[[@B8], [@B9]\], STAT3 \[[@B9]\], and PCNA \[[@B41]\]. Although some interactions have been confirmed in different species, most have only been found in a single species. It remains to be seen which interactions are as conserved as Elongator itself and which have evolved later. Mainly from studies focusing on zymocin resistance in yeast, for instance, comes the statement that Elongator interacts with the Hrr kinase and the Sit4 phosphatase \[[@B34], [@B46]\]. In a series of publications, the authors establish that these interactions result in cycles of phosphorylation and dephosphorylation events that are essential for Elongator function in zymocin resistance. Whether such a phosphorylation-dependent control is also relevant for the other functions of Elongator remains to be elucidated. In addition, several interactions that have been found by one group could so far not be confirmed by others, which suggests that many of these interactions could be transient and might thus only occur under distinct conditions. These "potential" interactors are not further discussed here.

3. Acetylation of Histones: Elongator in Transcription {#sec3}
======================================================

A surprising large number of genes, which can be induced by external stimuli, are regulated at the level of transcriptional elongation \[[@B49], [@B76]\]. These genes include stress-inducible genes as well as genes activated during developmental processes. For these genes, RNAPII is stalled or paused in close proximity to the promoters in the absence of the stimuli. Upon stimulation, the C-terminal domain of RNAPII becomes hyperphosphorylated and resumes transcription whose procession is controlled by elongation factors. These elongation factors can be divided into active and passive factors in respect to whether or not they directly affect enzymatic activity of RNAPII \[[@B65]\]. After several years of controversy that followed the initial copurification of the Elongator with transcription-competent RNAPII \[[@B54]\], today there is little doubt that one of the functions of Elongator is indeed transcriptional elongation. However, the exact mode of action is still not fully understood. Also the debate whether the Elongator should be considered as active or passive elongation factor is still open. Here, we review the data of the last ten years that link Elongator to transcriptional elongation.

The observation that Elp3 subunit is similar to the GCN5 suggested early that the Elongator complex could be a histone acetyltransferase \[[@B75]\]. *In vitro*, purified Elp3 was able to acetylate both H3 and H4 \[[@B75]\], and *in vivo*, a mutant lacking its putative KAT activity had a similar phenotype as complete loss of Elp3 \[[@B74], [@B23]\]. Synthetic lethality experiments further provided the first evidence pointing towards Histone H3 and in particular Lysine 14 as main *in vivo* target of Elp3 \[[@B74]\]. The functionality of Elongator\'s KAT activity and its specificity for Histone H3 were later confirmed in several species including yeast, plants, and mammalian cells \[[@B72], [@B7], [@B50]\]. *In vitro*, Elongator was able to enhance RNAPII transcription from a chromatinic template in an Acetyl-CoA-dependent manner \[[@B35]\], while, on naked DNA, Elongator had no influence on RNAPII transcription \[[@B37], [@B35]\].

The target genes of Elongator depend a lot on the biologic system studied. In yeast, loss of Elongator function reduced the activation of a number of inducible genes \[[@B54], [@B37], [@B75]\] but did not affect transcription globally \[[@B37]\]. In plants, Elongator contributes to the transcription of stress-induced and auxin-related genes \[[@B5], [@B50]\]. In human cells, Elongator was required for the activation of several genes involved in migration \[[@B7]\] and for the activation of HSP70 in heat shock conditions \[[@B29]\]. Elongator was also involved in regulation of several p53-dependent proapoptotic genes but in a manner that did not seem to occur on the transcriptional level \[[@B10]\].

In line with a possible function for Elongator in regulating these genes by facilitating their transcriptional elongation, several groups could now demonstrate that Elongator preferentially occupies the open reading frames but not the promoters of these genes \[[@B29], [@B7]\]. Indeed, Elongator binding was mostly observed several kilobases downstream of the transcriptional start site (TSS) \[[@B36]\]. In yeast, Elongator could be cross-linked to the nascent pre-mRNAs of regulated genes \[[@B25]\]. In line with the initial purification of Elongator with the hyperphosphorylated form of RNAPII \[[@B54]\], time-course experiments suggested that Elongator indeed arrives at genes after hyperphosphorylation of RNAPII \[[@B47]\]. It has to be pointed out that Elongator could also be found on genes whose transcription was not affected by its depletion suggesting some functional redundancy of Elongator with other elongation factors. Taking the function of Elongator in the context of chromatin into account, it is the most similar to the FACT complex. FACT was suggested to regulate Elongation by facilitating the procession of RNAPII through nucleosomes \[[@B65]\]. In human cells, both FACT and Elongator could be found on a common gene, where in contrast to Elongator, FACT was bound at the more TSS-proximal regions of the ORF \[[@B36]\]. This observation provokes the intriguing speculation that FACT and Elongator could have distinct functions in the early and late elongation process. It is further interesting to note that genetic inactivation of both FACT and Elongator resulted in synthetic lethality in yeast \[[@B22]\]. Whether Elongator facilitates the opening and reconstitution of nucleosomes in a FACT-like manner remains to be investigated.

Taken together, a picture emerges in which Elongator regulates the transcriptional elongation of a subset of stress-inducible genes through acetylation of Histone H3 in the TSS distal gene body (see [Figure 2](#fig2){ref-type="fig"}). Although the elongation function of Elongator is conserved, the subset of regulated genes has diverged during evolution. Many open questions remain such as how is the target gene specificity of Elongator determined? What is the molecular consequence of Elongator-mediated histone acetylation? Considering the other functions of Elongator, manipulation of its function is likely to affect indirect as well as direct target genes. Hence, it will inevitable to check for the presence of Elongator at putative target genes when addressing the role of Elongator in transcription.

4. Acetylation of Tubulin: Elongator and Cellular Motility {#sec4}
==========================================================

The cytoskeleton is characterized by its dynamic structure and is composed of three types of fibers: actin filaments, intermediate filaments, and microtubules \[[@B19]\]. The functions of the cytoskeleton go far beyond the maintenance of cell shape and include important roles in cellular motility, intracellular transport, and mitosis \[[@B43]\].

Microtubules are the biggest cytoskeletal fibers that are essentially composed of only two proteins, the *α*- and *β*-Tubulins \[[@B16]\]. Heterodimers of globular *α*- and *β*-Tubulins polymerize in a head-to-tail fashion to form the so-called protofilaments. Of these protofilaments, 13 bind to each other in a parallel way to form the tubular structure of the microtubule, which has a diameter of about 25 nm. An important characteristic of these microtubules is their polarity. The early *in vitro* observation that new heterodimers added faster to one end of the microtubules leads to the distinction of plus and minus ends \[[@B31], [@B48]\]. Minus ends terminate in *α*-Tubulin subunits and plus-ends accordingly in *β*-Tubulin subunits. By establishing and maintaining cell polarity, the remodelling of microtubules is particularly important in directed cell migration processes \[[@B77], [@B78]\].

Several PTMs occur on Tubulins that are considered to modulate the function of microtubules by providing binding sites for regulatory proteins \[[@B71]\]. These PTMs include tyrosination, polyglycylation, and polyglutamylation. Considering the tubular architecture of microtubuli it is not surprising that most PTMs occur on the carboxyterminal domains of both *α*- and *β*-Tubulins, which are exposed on the outer surface of the tube \[[@B15]\].

Additionally, *α*-Tubulin but not *β*-Tubulin is acetylated *in vivo* \[[@B38]\]. The particularity of this PTM is its localization. The acetylation of *α*-Tubulin, which exclusively occurs on lysine 40, is located on the luminal inner surface of the microtubule \[[@B39]\]. While HDAC6 and Sirt2 have been described a few years ago as tubulin deacetylases \[[@B33]--[@B80]\], the responsible acetylase remained elusive. Just recently, the Elp3 subunit of cytosolic Elongator was identified as *α*-Tubulin-specific KAT in human and mouse cells \[[@B11]\]. It could be shown by mutating a critical residue in the catalytic domain of Elp3 that Elongator is responsible for a substantial amount of tubulin acetylation \[[@B11]\]. Importantly, acetylation of tubulin by Elongator does also occur in the nematode *C. elegans* \[[@B67]\] suggesting a similar high degree of conservation for the cytosolic function of Elongator as previously shown for its nuclear role in transcription. The identification of MEC-17 as a second *α*-Tubulin acetyltransferase made clear that Elongator is not the only one \[[@B1]\]. Indeed, in *Tetrahymena* and neurons from zebrafish embryos and *C. elegans* hermaphrodites, MEC-17 was shown to be required for most if not all *α*-Tubulin acetylation. We can expect additional acetyltransferases to be identified in the future, and the task before the scientific community will be to sort out the context-dependent contributions of each of these enzymes.

Acetylation of microtubules seems not to be essential for cell survival but plays a role in cell motility and in motor-based trafficking \[[@B14], [@B60]\]. The role of acetylation in cell motility was first demonstrated by several studies reporting that HDAC6 overexpression that promotes *α*-Tubulin deacetylation increases cell motility whereas HDAC6 inhibition triggers the opposite effect \[[@B33], [@B27]\]. The migration defects observed in neurons depleted for Elongator subunits confirmed the important function of tubulin acetylation during motility processes \[[@B11], [@B67]\]. Similarly, the loss of the other acetyltransferase MEC-17 reduced the touch sensitivity of neurons in *C. elegans* and induced phenotypes consistent with neuromuscular defects in zebrafish embryos \[[@B1]\].

However, what is the molecular mechanism by which acetylation of tubulin affects cellular motility? Some clues came from studies of motor proteins that transport diverse cargoes along microtubules. Microtubule-specific motor proteins are divided into two classes called dyneins and kinesins depending on the direction of their movement \[[@B17], [@B61]\]. Most of the members of the kinesin superfamily move to the plus end of microtubules, whereas members of the dynein superfamily transport their cargoes to the minus end \[[@B45], [@B63]\].

Acetylation of *α*-Tubulin was shown to promote in particular the binding and the motility of kinesin-1 \[[@B60]\]. In the cerebral cortex, Elongator mediated the acetylation of microtubules and could thereby direct anterograde transport of defined cargoes to growing neurites in developing neurons and to axons in mature cells \[[@B52]\]. Acetylation of *α*-Tubulin was also associated recently to the posttranslational fine tuning of *α*-Tubulin levels and to the dynamics of polymerization and depolymerization \[[@B67]\]. Both transport and changes in the microtubule dynamics could directly influence the cellular motility.

With the identification of *α*-Tubulin as cytosolic target for the Elongator\'s KAT activity, a new chapter was opened. Many questions persist. For instance, it is not clear how Elongator or the counteracting deacetylases HDAC6 and SirtT2 can access lysine 40 at its luminal position. It is further still enigmatic how a luminal modification can influence the motor protein functions that occur on the cytoplasmic surface of the microtubule. How are the activities of a-Tubulin-specific acetylases regulated? It is interesting to point out that the level of *α*-Tubulin acetylation is quite variable. In neurons, for instance, the large majority of cellular *α*-Tubulin is acetylated.

5. Defects in Elongator and Neurodegenerative Disorders {#sec5}
=======================================================

Elongator is associated to different neuronal diseases. While the familial dysautonomia is associated to mutation of the *IKBKAP* gene encoding Elp1 \[[@B66], [@B2]\], the amyotrophic lateral sclerosis was recently shown to be linked to allelic variants of ELP3 \[[@B64]\].

Familial dysautonomia (FD), also known as Riley-Day syndrome, is characterized by a progressive depletion of unmyelinated sensory and autonomic neurons resulting in a loss of neuronal function which leads to a complex symptomatology including gastrointestinal dysfunction, lack of overflow tears, absence of fungiform papillae on the tongue and other autonomic disturbances \[[@B3]\]. The major genetic cause of FD is a single noncoding mutation of the Elp1 encoding gene which affects its splicing. Interestingly, this mutation is not fully penetrant, which means that some residual amounts of the wild-type Elp1 (Elp1-WT) mRNA are nevertheless synthesized. The central nervous and the peripheral nervous systems are the major tissues affected by this splicing defect as demonstrated by the low level of WT-Elp1 present in these tissues \[[@B12]\]. Amyotrophic lateral sclerosis (ALS) is caused by the degeneration of motor neurons resulting in muscle weakness and atrophy. Affected patients show cognitive impairments and usually die from respiratory muscle weakness. Defects in Elongator have already been implicated in the pathogenesis of ALS \[[@B64]\].

The observation that alterations of Elongator correlate with two different neurodegenerative disorders suggests that Elongator has an essential function in the development and the maintenance of neuronal networks. On the molecular level, Elongator exerts its "neuronal" function at least partially through acetylation of its two main substrates---Histone H3 and *α*-Tubulin. On one hand, defective Elongator could reduce the elongation of gene transcripts that normally mediate the motility, the development, and the survival of neuronal cells \[[@B7]\]. On the other hand, defects in intracellular trafficking have already been linked to several neurodegenerative diseases including Alzheimer\'s disease, Parkinson, disease, or ALS \[[@B13]--[@B68]\]. Thus, it is reasonable to speculate that the loss of Elongator-mediated tubulin-acetyation could result in defective intracellular transport of cargo and thereby contribute to neurodegeneration, but we have also to point out that Elongator might have other yet unknown substrates that could contribute to the symptomatology of FD and ALS.

6. Final Considerations and Outlook {#sec6}
===================================

The two substrates of Elongator\'s acetylase activity---*α*-Tubulin and Histone H3---are as different as the functions of Elongator in the cytosol and the nucleus, or, do they have anything in common? Well, both *α*-Tubulin and Histone H3 are main components of cellular macrocomplexes: microtubules and chromatin. Both microtubules and chromatin are formed by repetitive units. We can speculate that Elongator might act as a processive enzyme in which each acetylation reaction would facilitate the next. This would predict that Elongator has a preference for carrying out sequential reactions. Experimentally, this could be tested in acetylation assays by comparing single tubulin dimers and microtubules. For both microtubules and chromatin it is evident that Elongator is not the only acetylating enzyme. In both cases acetylation has further been suggested to be one of many modifications that together could form a type of code. According to the histone or tubulin code hypotheses \[[@B28], [@B69]\], the combination of modifications would be read and interpret by factors that ultimately regulate the function of chromatin and microtubules, respectively.

It was known that Elongator has also other acetylation-independent functions in secretion and tRNA processing \[[@B70]\]. Recent evidences further linked Elongator to the DNA-damage response and gene silencing \[[@B41]\], RNA interference \[[@B44]\], and global DNA demethylation \[[@B53]\]. It looks like a large number of cellular functions have evolved in parallel that make use of the same highly conserved Elongator complex albeit in very different contexts. It remains to be seen which functions of Elongator require its acetylase activity and what would be the corresponding substrates. We are still far from having a comprehensive view of all Elongator functions.
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![The Elongator complex and its components. (a) Schematic view of the Elp proteins and their domain structure. (b) Current model for the architecture of the Elongator complex.](JBB2011-924898.001){#fig1}

![Two acetylation-dependent functions of Elongator. In the nucleus, Elongator-mediated acetylation of Histone H3 contributes to transcriptional elongation. Thereby, it interacts with processive RNAPII, which is hyperphosphorylated at its C-terminal domain (CTD). Although this function of Elongator is conserved from yeast to man, the subset of genes that underly this kind of regulation have diverged during evolution. In the cytosol, Elongator acetylates the *α*-Tubulin subunit of microtubules. This acetylation event contributes to the trafficking of cargo along microtubules and cell migration. Please note that acetylation of *α*-Tubulin occurs in the lumen of microtubule, but for reasons of illustration, it has been depicted on outside here.](JBB2011-924898.002){#fig2}
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